Abstract: Pentavalent organo-vanadates have been put forth as transition-state analogues for a variety of phosphoryl transfer reactions. In particular, uridine 2′,3′-cyclic vanadate (U>v) has been proposed to resemble the transition state during catalysis by ribonuclease A (RNase A). Here, this hypothesis is tested. Lys41 of RNase A is known to donate a hydrogen bond to a nonbridging phosphoryl oxygen in the transition state during catalysis. Site-directed mutagenesis and semisynthesis were used to create enzymes having natural and nonnatural amino acid residues at position 41. These variants differ by 10 5 -fold in their k cat /K m values for catalysis, but <40-fold in their K i values for inhibition of catalysis by U>v. Plots of logK i vs log(K m /k cat ) for three distinct substrates [poly(cytidylic acid), uridine 3′-(p-nitrophenyl phosphate), and cytidine 2′,3′-cyclic phosphate] have slopes that range from 0.25 and 0.36. These plots would have a slope of unity if U>v were a perfect transition state analogue. Values of K i for U>v correlate weakly with the equilibrium dissociation constants for the enzymic complexes with substrate or product, which indicates that U>v bears some resemblance to the substrate and product as well as the transition state. Thus, U>v is a transition state analogue for RNase A, but only a marginal one. This finding indicates that a pentavalent organo-vanadate cannot necessarily be the basis for a rigorous analysis of the transition state for a phosphoryl transfer reaction.
Introduction
Understanding the basis of enzymatic catalysis entails describing how forces acting between an enzyme and its substrate(s) increase as the transition state is formed. [1] [2] [3] The transition state, the most energetic species along a reaction pathway, is fleeting. Having a lifetime near 10 -12 s, 4 the transition state is not readily amenable to direct study. Hence, molecules whose ground-state structures mimic the transition state for a particular enzymatic reaction can be useful for probing the means by which the enzyme lowers the activation barrier of chemical transformation. How, then, is a molecule judged to be an analogue of a transition state?
A criterion for judging transition state analogy is suggested by the equation 5, 6 in which K tx refers to the equilibrium dissociation constant of the enzyme-transition state complex. If a molecule is a perfect mimic of the transition state, then its equilibrium dissociation constant from the enzyme (K d ) K i ) should equal K tx . Still, knowing the value of K i for a particular inhibitor and the corresponding value of K tx does not allow for an evaluation of the inhibitor as a transition state analogue. For example, a bound inhibitor could participate in favorable or unfavorable interactions with little resemblance to those in the enzyme-transition state complex. Bartlett has, therefore, argued that a more appropriate criteria for assessing transition state analogy is that the relative affinity of an enzyme for the chemical transition state (given by k cat /K m ) and for a putative transition state analogue (given by 1/K i ) be constant over a range of values. 7, 8 In other words, ∆log(K m /k cat ) ) ∆logK i .
Two methods exist for systematically altering the variables k cat /K m and K i . One method employs a range of inhibitors that mirror a range of substrates. This first method has been applied extensively to proteases, using an aldehyde, phosphonate, or phosphonamidate group in place of the scissile amide in a peptidyl analogue. 7,9-12 The other method involves systematic alteration of the active site. This second method is more generally applicable because it does not require the enzyme to accommodate a variety of substrates. [13] [14] [15] It does, however, require structural knowledge of the active site and the ability to alter that active site systematically. Meaningful correlations * To whom all correspondence should be addressed. 
have also been obtained between k cat /K m and the conformational stability of related enzyme-inhibitor complexes. 16 Pentavalent organo-vanadates have been proposed as transition-state analogues for phosphoryl transfer reactions. These proposals arise from V(V) being able to form stable pentoxy complexes, some of which adopt the trigonal bipyramidal geometry that occurs during phosphoryl transfer reactions. 17 The first evidence 18 of an organo-vanadate being an inhibitor of catalysis by an enzyme was obtained with ribonuclease A (RNase A; 19 EC 3.1.27.5), which catalyzes two phosphoryl transfer reactions: the transphosphorylation (and hence cleavage) of RNA, and the hydrolysis of nucleoside 2′,3′-cyclic phosphates (Figure 1) . 20 Uridine and vanadate, in combination, inhibit catalysis by RNase A more strongly than would be predicted from their individual K i values. 18 Vanadate was presumed to combine with uridine and water to form a 1:1:1 complex, uridine 2′,3′-cyclic vanadate monohydrate (U>v), and this complex was presumed to mimic the transition state. X-ray diffraction analyses have confirmed the existence of U>v in the active site, where the observed geometry is somewhat distorted from the predicted trigonal bipyramid (Figure 1c) . 21, 22 A recent structural study indicated that the degree of distortion is greater than was appreciated previously. 23 The degree to which the RNase A-U>v complex is analogous to the enzymic transition state is uncertain. In the crystalline RNase A-U>v complex, active-site residues are found in positions not congruent with their commonly accepted mechanistic roles. [22] [23] [24] For example, we have used semisynthesis to show that Lys41 donates a hydrogen bond to a nonbridging phosphoryl oxygen in the transition state for RNA cleavage. 25 Yet, the side-chain amino group of Lys41 is much closer to the 2′ oxygen than to a nonbridging vanadyl oxygen in the RNase A-U>v complex (Figure 1c ). This observation calls into question at least one of the following: the commonly held conception of the catalytic mechanism (Figure 1a,b) , 20 the details of the crytallographic models (Figure 1c) , 21, 22 or the validity of U>v as a transition state mimic. Studies have used the structure of U>v bound to RNase A as a basis for computational investigations. 26, 27 The relevance of these studies depends in great measure on the ability of U>v to mimic the transition state.
Here, we assess the relevance of the RNase A-U>v complex to catalysis by the enzyme. We do so by assessing catalysis and its inhibition in enzymes in which Lys41 has been altered systematically by site-directed mutagenesis and semisynthesis. Thus, our data report specifically on the interaction between U>v and residue 41 and the degree to which this interaction mimics that in the enzyme-transition state complex. From this perspective, we found that U>v is only a marginal analogue of the transition state for catalysis by RNase A.
Experimental Section
Materials. Wild-type RNase A and the K41A, K41R, and K41C variants were produced and purified as described. [27] [28] [29] The Cys41 sulfhydryl group of K41C RNase A was modified by alkylation with Stereoview of the structure of the active site in the RNase A-U>v complex. The structure was refined to 2.0 Å from X-ray and neutron diffraction data collected from crystals grown at pH 5.3 (Protein Data Bank entry 6RSA). 22 The distance from Lys41 to the 2′ oxygen is 2.8 Å and to the nearest nonbridging oxygen is 3.5 Å. The distance from His12 (right) to the nearest oxygen is 2.7 Å and to the 2′ oxygen is 3.0 Å. The other enzymic residue is His119.
bromoethylamine to yield a semisynthetic variant with an S-(aminoethyl)cysteine residue at position 41 (K41CEA RNase A), as described. 27 Uridine 3′-(p-nitrophenyl phosphate) [Up(OC6H4-p-NO2)] was synthesized by J. E. Thompson and T. G. Kutateladze as the 2′,5′-Otetrahydropyranyl-protected material 30 and handled as described.
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Sodium vanadate was obtained from Aldrich Chemical (Milwaukee, WI). All other chemicals were obtained from Sigma Chemical (St. Louis, MO).
Preparation of Uridine-and Vanadate-Containing Buffers. Concentrated solutions of uridine (1 M) were prepared in 0.010 M sodium succinate buffer (pH 6.0) containing NaCl (0.10 M). The concentration of these stocks was determined spectrophotometrically in H2O with ) 9.9 × 10 3 M -1 cm -1 at 260 nm. 32 Sodium vanadate was dried for 1 h at 115°C and cooled in a desiccator before weighing and dissolution in water with gentle heating (to 0.06 M). The pH after dissolution was 9.2 and no visible color was present, indicating the absence of appreciable amounts of decavanadate species. 33,29 The uridine and vanadate stock solutions were added to 10 mM sodium succinate buffer (pH 6.0) containing NaCl (0.10 M). After preparing each solution, the pH was readjusted to 6.0 with dilute HCl, and the solutions were passed through a 0.22-µm filter. To ensure that all species were at equilibrium, buffers were incubated at room-temperature overnight and the pH was checked again prior to use in enzyme assays.
Assays of Enzymatic Catalysis. The substrate chosen for uridine and vanadate inhibition studies was Up(OC6H4-p-NO2), which undergoes RNase A-catalyzed transphosphorylation to release p-nitrophenol. Even though Up(OC6H4-p-NO2) is a relatively poor substrate, the large change in extinction coefficient associated with this reaction makes for a sensitive assay. More importantly, p-nitrophenol can be monitored at a wavelength far from the peak absorbance of uridine, which allows for use of high uridine concentrations.
2′,5′-O-Tetrahydropyranyl-protected Up(OC6H4-p-NO2) was deprotected and handled as described. 31 The initial rate of release of p-nitrophenol from Up(OC6H4-p-NO2) was followed by the increase in absorbance at 330 nm in 10 mM sodium succinate buffer (pH 6.0) containing NaCl (0.10 M), Up(OC6H4-p-NO2) (30 µM-1.0 mM), and enzyme (7 nM-7 µM). The uncatalyzed rate is not negligible as compared to the lower enzyme-catalyzed rates measured herein; the rate constant for the nonenzymatic transphosphorylation of Up(OC6H4-p-NO2) at pH 6.0 has been reported to be k = 1.5 × 10 -5 s -1 . 34 To interpret properly the changes in absorbance at 330 nm, measurements of uncatalyzed Up(OC6H4-p-NO2) cleavage were made in 10 mM sodium succinate buffer (pH 6.0) absent any enzyme. These rates were in agreement with the reported rate constant 34 and were subtracted from the total rate to give the enzyme-catalyzed rate.
Inhibition of Catalysis by Uridine 3′-Phosphate. Uridine 3′-phosphate (3′-UMP) is the product of the transphosphorylation and hydrolysis of Up(OC6H4-p-NO2) by RNase A. Inhibition by 3′-UMP was measured by determining the initial velocities of enzyme-catalyzed transphosphorylation of Up(OC6H4-p-NO2). Reactions were performed in 0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10 M), Up(OC6H4-p-NO2) (30 µM -1.0 mM), 3′-UMP (60 µM-4.3 mM), and enzyme (7 nM-13 µM). Assays were otherwise identical to those used for inhibition by U>v (vide supra). Because the initial velocity was measured for only 2% or less of the total reaction, the amount of 3′-UMP generated enzymatically was negligible.
Previously, we and others had used isothermal titration calorimetery to determine the value of the equilibrium dissociation constant (Kd) for the RNase A-3′-UMP complex. 35, 36 Here, we performed the same experiment with the K41A variant. Aliquots (2.5 µL) of a solution of 3′-UMP (12.8 mM) were injected into a solution of K41A RNase A (0.36 mM) until the heat generated upon each individual injection, resulting from the exothermic nature of protein ligand binding, had approached a constant level. This titration was done with a MicroCal MCS system (MicroCal Software, Northhampton, MA). Data were fitted with the program ORIGIN (MicroCal) to obtain the value of Kd.
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Data Analyses. Initial velocity data were obtained for four enzyme variants (wild-type, K41CEA, K41R, or K41A) and two sodium vanadate concentrations (0.1 or 0.4 mM). For each enzyme variant, initial velocities were measured not only with uridine plus vanadate but also with uridine alone or vanadate alone, as well as in the absence of inhibitors. The measured inhibition by vanadate in the absence of uridine was probably the result of inhibitory effects of one or several minor, multimeric vanadate species, not VO3 -itself. 37, 38 No Ki value for vanadate can be derived because the nature of the actual inhibitor moiety and its concentration relative to [VO3 -] remain unclear. 29 Consequently, each concentration of vanadate was treated separately, and the derived inhibition parameter was considered to be an apparent one that applied only to that particular vanadate concentration. Data from a set were fitted by multiple regression analysis to simultaneous equations, sharing the parameters Km, Vmax, K 
RNase A, we first determined whether uridine and vanadate inhibit catalysis synergistically. Practical considerations severely limit the amount of uridine and vanadate that can be used to observe the inhibition due to U>v. Uridine is itself a weak inhibitor (K i ) 15 mM under the current assay conditions), and large uridine concentrations overwhelm measurements of inhibition. The predominant monomeric vanadate species at pH 6.0 is H 2 VO 4 -(pK a 8.15 39 ), which has been reported to be noninhibitory. 37 Our experience indicates, however, that the inhibition by H 2 VO 4 -at concentrations above 0.4 mM is not negligible. 38 Still, all of the RNase A variants studied here were inhibited to an extent greater than would be expected from uridine alone and vanadate alone. This synergy of inhibition was apparent at both concentrations of vanadate tested (0.1 and 0.4 mM). It was, therefore, always possible to determine a meaningful value of K i /[U>v] by using eq 5. The values of K i /[U>v] are listed in Table 1 .
What is the Value of K i for Uridine 2′,3′-Cyclic Vanadate? The true value of K i for U>v is somewhat elusive. Converting the parameter determined here, K i /[U>v], into an explicit value for K i would require knowing how much U>v is actually present in solution. The original characterization of the equilibrium constant for U>v formation, done by means of ultraviolet/visible spectroscopy, rested on the faulty assumption that there was a single major species, which possesses 1:1 stoichiometry. 18 The authors noted that irregularities in their data suggested the existence of a minor 2:1 uridine-vanadate species as well. Recent work by Tracey and co-workers used 1 H, 13 C, and 51 V NMR spectroscopy to demonstrate that a 2:2 nucleosidevanadate dimer predominates in solution under most conditions. 40 A 2:2 species has also been observed by X-ray diffraction analysis. 41 Tetrahedral and pentacoordinate 1:1 complexes do occur in solution but only in minor proportions. 40 The formation constant for U>v has been estimated to be (1.8 ( 1.5) M -1 at pH 7. 42 The value estimated for the cyclic tetrahedral complex (i.e., U>v minus H 2 O) is (4.5 ( 1.1) M -1 . In addition, acyclic 1:1 nucleoside-vanadate complexes may occur at low levels. 40 Although some uncertainty persists in the quantitative description of minor 1:1 uridine-vanadate species in solution, we can estimate a value of K i with some confidence. Tracey and co-workers have reported that K i ) 0.45 µM for wild-type RNase A and U>v at pH 7. 37 This value was calculated based on their prior estimates of the abundance of the 1:1 and 2:2 complexes. 40 We measured a value of K i /[U>v] ) 0.15 for wildtype RNase A at 15 mM uridine and 0.1 mM vanadate (Table  1) . Using the analysis of Tracey and co-workers, 37 we expect the concentration of the 1:1 uridine-vanadate complex to be 2.9 µM. 38 The resulting value of K i ) 2.9 µM/6.5 ) 0.45 µM is in complete agreement with that published for pH 7. 37 At 15 mM uridine and 0.4 mM vanadate, we measured K i /[U>v] ) 0.061 (Table 1) . Under these conditions, we would expect the concentration of the 1:1 complex to be 5.9 µM. 38 The resulting value of K i ) 5.9 µM/16.4 ) 0.36 µM is, likewise, in close agreement with the published value. 37 Thus, we believe that K i = 0.4 µM for inhibition of RNase A by U>v.
A comparison of the affinity of U>v for RNase A with that of related molecules is noteworthy. 2′-Deoxy-2′-fluorouridylyl-(3′f5′)adenosine (U F pA) is an analogue of UpA, a substrate for the transphosphorylation step. The reported dissociation constant for the RNase A-U F pA complex is 0.4 mM at pH 5.5. 43 The K m for U>p, which is a substrate for the hydrolysis step, is probably reflective of its dissociation constant 44 and is 2.2 mM at pH 6.0 and 2.1 mM at pH 5.5. 45 3′-UMP, which is the product of the hydrolysis of U>p, binds somewhat more tightly than does U>p but still has a K i of only 72 µM at pH 6.0. Thus, the affinity of RNase A for U>v at pH 6.0 is >10 2 -fold greater than that for any substrate, product, or analogue thereof. Although a K i value of 0.4 µM is much larger than the value of K tx (<2 × 10 -15 M for the transphosphorylation of UpA 28 ), it is, nonetheless, the lowest K i value of any known molecule related to the reaction coordinate of catalysis by RNase A. The K i of U>v is also lower than that of decavanadate (V 10 O 28 6-; K i ) 1 µM). Is Uridine 2′,3′-Cyclic Vanadate a Transition-State Analog? The slope of the line in a plot of logK i vs log(K m /k cat ) is meaningful. If K i were to mirror K tx perfectly, the value of the slope would be unity. 9, 7 In practice, the transition state and its imperfect analogue can show differential levels of sensitivity to ligand or active-site changes. Peptide aldehydes as analogues for the serine protease elastase exhibit a slope of 0.74. 9 Peptide analogues containing a phosphonate linkage, when compared with substrates for the zinc protease thermolysin, show a slope of 1.05. 7 A peptide analogue with a phosphonamidate linkage yielded a slope of 1.03 when alterations were made at a catalytic arginine in carboxypeptidase A. 13 The linear correlations of U>v inhibition and catalytic changes that result from alterations made to RNase A at position 41 show slopes that are much more shallow, between 0.25 and 0.36 (Figure 2 ). a Data were obtained at 25°C in 10 mM sodium succinate buffer (pH 6.0) containing NaCl (0.10 M) and Up(OC6H4-p-NO2).
Lys41 plays a similar role in the catalysis of both the transphosphorylation of RNA and the hydrolysis of nucleoside 2′,3′-cyclic phosphates. 19b,38 Comparing the correlation of U>v inhibition with the catalysis of these two distinct reactions can reveal whether U>v more closely mimics the transition state for transphosphorylation or that for hydrolysis. A priori, the transition state for hydrolysis would appear to be the species that U>v resembles more closely, because both U>v and a nucleoside 2′,3′-cyclic phosphate lack the ability to access the enzymic subsites that interact with the nucleobases and phosphoryl groups on the 3′ side of the scissile bond. 46 Yet, this resemblance only applies to ground-state features and is not relevant to spatial or electronic similarities specific to the transition state. Because the slopes of the lines in Figure 2a ,b (in which k cat /K m is for the transphosphorylation of two different substrates) are similar to those in Figure 2c (in which k cat /K m is for a hydrolysis reaction), we conclude that U>v bears a similar resemblance to the transition state for transphosphorylation and hydrolysis.
The transphosphorylation of poly(C) by wild-type RNase A appears to be limited by a step other than the chemical transformation. 28 The value of K tx pertains to the chemical transition state. Thus, measured values of k cat /K m for the more active enzymes, in contrast to those for sluggish variants, might not fully reflect the value of K tx . The slope in a plot of log(K i /[U>v]) vs logK tx could, therefore, be even more shallow than the slope in the plot of log(K i /[U>v]) vs log(K m /k cat ) (Figure 2a,b) .
The substrate and the product can also be considered to be mimics of the transition state because they are inevitably related. By extension, a mimic of the substrate or product is in some sense also a mimic of the transition state. Does U>v mimic the transition state simply by trivial mimicry of the substrate or product? To compare binding of the product to the binding of U>v, the inhibition constant for 3′-UMP (K p ) was measured for all four enzymes. These values are listed in Table 2 . For wild-type RNase A and the K41A variant, the value of K d for the enzyme-3′-UMP complex was ascertained by using isothermal titration calorimetry. The binding of another ground state, C>p, is reflected in the value of K m because the forward commitment of the RNase A-C>p complex is low (C f < 1). 44, 47 The binding of U>v, like that of the transition state, is more sensitive to changes at position 41 than is the binding of the substrate or product. Values of K i change by e38-fold (Table  1) , but values of K m and K p change by e 9-fold (Table 2 and Figure 3 ). As shown in Figure 3 , the slope in plots of log(K i / [U>v]) vs logK m and log(K i /[U>v]) vs logK p is near 1.5. The proximity of the slopes in Figure 3 to unity indicates that U>v does bear some resemblance to the substrate and product. This conclusion is made somewhat tentative, however, by the small variation in K m and K p . Table 2 ) were obtained from initial velocity data measured at 25°C in 0.10 M MES-NaOH buffer, pH 6.0, containing NaCl (0.10 M), Up(OC6H4-p-NO2), and 3′-UMP. Values of Kp (0; Table 2) for the wild-type and K41A enzymes were also obtained by isothermal titration calorimetry of enzyme-3′-UMP complex formation. The solid lines have slopes ≈1.5; the dashed line has a slope of unity.
We had shown previously that Lys41 interacts extensively with the transition state during catalysis by RNase A. 27 This analysis is extended in Figure 4 , which is a plot of logK p vs log(K m /k cat ). The shallow slope of this plot (near 0.2) indicates that Lys41 interacts far more extensively with the transition state than the product during the catalysis of C>p hydrolysis.
The mimicry of U>v to the transition state can be summarized in two related free-energy profiles. In Figure 5 , the effect of changing residue 41 on catalysis (that is, binding to the ratelimiting transition state) is depicted on the left, and the effect of changing residue 41 on inhibition (that is, binding to U>v) is depicted on the right. If U>v were a true analogue of the transition state, then the four dotted lines would be parallel. They are not.
Organo-Vanadates as Mimics of Transition States. A pentavalent organo-vanadate is likely to be a less accurate mimic of the transition state for a phosphoryl transfer reaction than is, say, a phosphonate or phosphonamidate for an amide hydrolysis reaction. 7,10,12,13 The failure of pentavalent organo-vanadates as transition-state analogues for phosphoryl transfer reactions is explicable. The location and charge of the vanadyl oxygens differ significantly from those of the corresponding phosphoryl oxygens in the enzymic transition state. For example, the O 2′ ‚‚‚P‚‚‚O 5′′ bond angle in the transition state is likely to be 180° (Figure 1b) , whereas the analogous O 3′ -V-O 1V bond angle in the RNase A-U>v complex is only 150.5°( Figure  1c) . 23 Moreover, V-O bonds in vanadates exhibit a wide spectrum of strengths and polarities. 24, 48 Likewise, P-O bonds in the transition states of phosphoryl transfer reactions exhibit a variety of bond orders. 17 In general, however, a V-O bond is far less polar than a P-O bond. 24 Consequently, the nonbridging oxygens in a pentavalent vanadate form weaker hydrogen bonds than do those in a phosphorane. 24 This distinction could explain why Lys41, which donates a hydrogen bond to a nonbridging phosphoryl oxygen in the transition state during catalysis by RNase A, 25 does not donate a hydrogen bond to a nonbridging vanadyl oxygen in the crystalline RNase A-U>v complex (Figure 1c) . 24 Hence, we argue for skepticism about detailed or quantitative conclusions regarding a phosphoryl transfer reaction based solely on analyses of a complex with a pentavalent organo-vanadate. (Table 1) . To ease comparisons, the free energy of the inhibitor, I, in the right profile is set equal to that of the transition state, S q , in the left profile.
